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Abstract
Stretchcam is a thin camera with a lens capable of zoom-
ing with small actuations. In our design, an elastic lens
array is placed on top of a sparse, rigid array of pixels.
This lens array is then stretched using a small mechani-
cal motion in order to change the field of view of the sys-
tem. We present in this paper the characterization of such
a system and simulations which demonstrate the capabili-
ties of stretchcam. We follow this with the presentation of
images captured from a prototype device of the proposed
design. Our prototype system is able to achieve 1.5 times
zoom when the scene is only 300 mm away with only a 3%
change of the lens array’s original length.
1. Introduction
We are close to a world where surveillance can be
ubiquitous. Multiple works have explored how to make
cameras fully self-powered, which allow for cameras to
be deployed without regard to access to a power source
[22, 1, 13]. There has also been significant progress in low-
power wireless streaming of data, with one example trans-
mitting a 112 by 112 video at 13 frames per second 45.72
meters using only 2.36 mW [21]. A recent paper described
a system that was able to send data 2.8 kM using 9.25 µW
[28]. Ubiquitous imaging is near, but the power these eas-
ily deployable systems can produce is not abundant. These
types of systems would need a new method of zooming to
not add prohibitive power requirements to the design. tra-
ditional zoom lens requires large motors to move their rel-
atively heavy components over long lengths of travel. As a
result, they consume large amounts of power. Thus, there
is a need for a simple mechanism for zooming that does not
require a significant amount of motion.
This paper takes a different approach to creating a zoom-
capable imaging system. Our approach is to use a thin lens
array that can change its field of view with barely perceiv-
able motion in the form of a stretch. This reduction in
travel distance offers not only an increase in zoom speed
but power savings.
Stretchcam’s architecture is an elastic lens array, such as
in Fig. 1, placed on top of an aperture sheet that is covering
a rigid, sparse pixel array. The pitch of the pixel array is the
same as the lens array. Each lens in the array focuses light
onto its corresponding pixel.
To understand how stretching an elastic lens would
change the field of view, consider the scenarios illustrated
in Fig. 2. In case 2(a), the pitch of the sparse pixel array
and the lens array is ρN , where ρ is the undeformed lens ar-
ray width and N is the number of lenses in the array. In
case 2(b) the lens array is stretched a small amount, ∆ρ; the
pitch of the sparse pixel array remains ρN but the pitch of
the elastic lens array increases to ρ+∆ρN . This increase in
the lens array’s pitch while the pitch of the pixel array re-
mains constant tilts the primary ray of each lens in the array.
Elastomers conserve their volume when deformed, thus the
thickness of the lens array, T0 + ∆T , decreases as the lens
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Figure 1. Overview of the stretchcam. (a) A visualization of the
camera architecture. An aperture array is placed on top of a sparse
pixel array, then an elastic lens array, whose pitch is equal to the
pitch of the sparse pixel array is placed on top of the aperture plate.
array is stretched, further increasing the tilt of the primary
rays. The combined effect is that Stretchcam’s field of view
increases a substantial amount with a small deformation.
The primary contribution of this paper is a camera that
uses small deformations (approximately 3% of the total lens
array length) of an elastic lens array to achieve large zoom
(1.5 to 2 times zoom), the characterization of such a system
and the presentation of images captured from a prototype
device of the proposed design. We also contribute the me-
chanical principles and the optical properties of Stretchcam
as well as several simulations to verify the efficacy of the
proposed design.
The key novelty of Stretchcam is that it allows for the
creation of thin, zoom capable imagining systems using
cheap materials and simple mechanics. Thus, the outlined
approach has the potential to undercut the costs and power
demands of other proposed methods while achieving fast
zoom times.
2. Related Work
Several other authors have explored various methods to
overcome the large travel distances and power demands of
some zoom lenses on the market. For example, electrowet-
ting [15, 24] – a phenomenon where the electric charge on
a plate will impact the amount a droplet of liquid spreads
on a surface – is one method that has been rigorously ex-
plored to create zoom lenses. This approach allows for elec-
tronic control of a lens’ shape; however, as Graham-Rowe
[10] points out, gravity will impact the performance of these
lenses. There is also a limited number of liquids suited to
the purpose, and this limit restricts the optical properties
available to designers.
Lin et al. [18] built an electrically tunable zoom sys-
tem with two liquid crystal lenses, however, they report a
four-second response time. Blum et al. [3] acknowledge
the slow response times of liquid crystal lenses and instead
use mechanically actuated polymer lenses to create a zoom
lens. Deformable optics [6, 2] can make a single aperture
zoom system thin by eliminating the need for many rigid
optical components. Stretchcam, however, uses the proper-
ties of lens arrays to create a thin imaging system and adds
a zooming capability.
Folded zoom lenses, which use prisms or mirrors to an-
gle the optical axis to make the camera thinner, have been
proposed [26, 32]. Light [17] is a commercially available
camera that uses multiple folded optics to create a form fac-
tor that is only 24 mm thick yet can capture a 52-megapixel
image. It features a five times optical zoom achieved by tilt-
ing the mirrors in the system. Folded zoom lenses are inter-
esting because they retain the properties conventional lenses
while making the system thin and thus start to address the
bulk issue mentioned in the introduction, but leave the ex-
pense involved in such systems, slow zoom times and power
demands unaddressed. Lu et al.[20] extend the idea of using
mirrors in zoom lens by using rigid and MEMS deformable
mirrors to create a thin, zoom capable optical system. The
team is able to eliminate the complex moving components
along with glass optics with their electronically deformable
mirror.
Multiple aperture systems, like lens arrays, can outper-
form single aperture systems in terms of thickness. One
can reduce the thickness of a single aperture system by de-
creasing the focal length of the lens. To maintain the same
f -number there must be a corresponding decrease in the di-
ameter of the lens. However, as Lohnman [19] explains, the
space-bandwidth product decreases as the scaling factor of
the lens decreases; very few pixels are resolved in a thin,
single aperture system.
Vo¨lkel et al. [31] discuss how using a multiple aper-
ture system in the form of a lens array can overcome this
barrier. Lens arrays were used by Portnoy et al. [25] to re-
duce the thickness of an infrared camera. Bru¨ckner et al.
[4] designed a 1.4 mm thick camera that can achieve VGA
resolution and a 2 mm thick camera that achieved 720p res-
olution [5] with both designs using a lens array to achieve
2
(a) (b)
0
Figure 2. The unstretched and stretched configurations of Stretchcam are presented in this figure. The lens array (blue) placed on top of a
sparse array of pixels (red) whose pitch is equal to the lens array’s. Stretching the lens will change the angle between the primary ray and
the optical axis of each lens (black line). In (a), the pixels are coincident with the optical axis of its corresponding lens and, in turn, the
primary ray for each lens in the array is coincident with the optical axis of its corresponding lens. In (b), the elastic lens array is stretched
a small amount causing an increase in field of view of the imaging system.
their thinness. Oberdo¨tster et al. [23] had a similar design
that could change its front focal point by compensating for
different amounts of parallax. Venkataraman et al. [30] also
use a lens array to make a 3.5 mm thick camera that has sim-
ilar image quality to the iPhone 5. These, however, are all
rigid lens arrays without optical zooming.
Tanida et al. [29] proposed a design where a lens array
is used to achieve a thin optical configuration. They can
manipulate the position of their photo detectors to capture a
demagnified image of the system and use a back-projection
method to generate an image that is a higher resolution than
the lens array used to capture the scene. Sims et al. [27]
bend a lens array to vary its field of view and design it such
that it avoids aliasing.
This paper looks at stretching as a mechanism for zoom-
ing. Stretching an elastic lens array to change its optical
properties has been used to improve various aspects of in-
tegral imagers. Kim et al. [12] proposed a design where
a lens array is fitted over a sensor to capture an integral
photograph of a scene. The lens array is then stretched
to match the pitch of a display with a different pitch than
the sensor. This ability to match the pitch of the lens array
eliminates artifacts in the integrated image. Kim et al. [11]
use a stretchable lens array as a component in a light field
microscope to match the image side f -number of the main
objective lens to use the full resolution of an image sensor.
Other researchers have built systems with deformable
lens arrays to tune the focal length. Li et al. [16] conducted
a finite element analysis of a lens array placed in tension
and studied the corresponding increase in focal length of
the lenses in the lens array. Chandra et al. [7] built concave
and convex elastic microlens arrays whose focal lengths are
tunable by stretching. Stretchcam, however, is designed to
achieve the same zooming as a conventional lens but with
small mechanical actuations and in a thin form factor.
3. The Mechanical Principles of Stretch Imag-
ing
Stretchcam consists of a rigid plate with a sparse array
of pixels. On top of this rigid plate, there is an elastic lens
array with the same pitch as the pixel array. In order to
deform the lens array, a mechanism is placed on either side
of the camera and attached only to the elastic lens array.
No other deformations are allowed in Stretchcam except for
the stretching of the lens array. However, the lens array is
attached to the mechanism such that its thickness will be
unconstrained. As explored in the literature [12, 11, 16, 7],
when a lens array is stretched the shape of the individual
lenses in the array will change. This change in shape will
impact the imaging properties of the lenses. This stretching
will also impact the viewing direction of each lens in the
array, which in turn demagnifies the scene.
Since the lens array is made of a silicone elastomer it
will conserve its volume when deformed which means that
stretching the lens array changes its thickness. T (∆ρ), the
change in the lens array’s thickness as a function ∆ρ, the
amount the lens array is stretched, is defined as
T (∆ρ) =
ρ
(ρ+ ∆ρ)
T0 (1)
where T0 is the undeformed lens array thickness and ρ is
the undeformed lens array width as depicted in Fig. 3.
The radii of the individual lenses is a function of the lens
array thickness and the width of the individual lenses in the
array. As long as the lens array is stretched a small enough
amount such that the lenses remain spherical, then the chord
length and sagitta of the circular segment that comprises
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Figure 3. A cross-sectional view of a lens array undergoing deformation. Notice how the spherical portion of the lens array flattens in (b)
as the amount the lens array is stretched by increases.
each lens in the array can be used to find the radius for the
individual lenses in the array. This radius as a function of
the amount the lens is stretched, R(∆ρ), is given by
R(∆ρ) =
hρ2
2(ρ+ ∆ρ)2
+
(ρ+ ∆ρ)4
8N2h2ρ2
(2)
whereN is the resolution of the lens array and h is the initial
sagitta length that makes up the circular segments of the
lenses as indicated in Fig. 3.
Since the sensor is attached directly to the bottom of the
plano-convex lens, the back focal distance is the lens array’s
thickness. The refraction that occurs between the bottom
surface of the lens array and the pixel is ignored. When this
assumption is true, only the focal length of the individual
spherical surfaces in the lens array need be determined to
model the system. The front focal length as a function of
the amount the lens is stretch, df (∆ρ), is therefore
df (∆ρ) =
1
η−1
R(∆ρ) − ηT (∆ρ)
(3)
where η is the index of refraction for the elastic material.
The direction each lens is viewing the scene is also a critical
aspect of the system to understand. The angle between any
lens’ primary ray and optical axis, θi, is given by
θi = arctan(
∆ρi
N(T0 −∆T ) ) (4)
where i is the index of any lens in the array. The cen-
ter lens has an index of zero if there is an odd number of
lenses in the array whereas the two most extreme lenses in
the array have an index of ±N−12 . The field of view of
Stretchcam as described by the width of the scene imaged
by the camera in one dimension, s, is then
s =
(N − 1)
N
(ρ+ ∆ρ+
∆ρd
T0 −∆T ). (5)
Equation (3) describes how individual lens react to the
deformation and Eq. (4) describes the direction any individ-
ual lens in the array views the scene as the lens is deformed.
With these two equations, it is possible to determine if a
desired scene is captured without unacceptable blurring or
aliasing not only for any static case but throughout the de-
formation.
4. The Optical Properties of Stretch Imaging
4.1. Focal Plane of a Lens Array
For an ideal lens, each pixel on a sensor will integrate
the light in the area of the scene. This area is determined by
the projection of that pixel through the center of projection
onto the scene. The system is in focus when these regions
abut which happens at the ideal tiling standoff distance. If
the scene is not at the focal plane the patches each sensor
captures would get wider and would no longer abut, this
would cause the imaged regions to overlap and in turn case
the final captured image to be blurred.
Stretchcam’s focal plane is defined in the same way as
a conventional camera’s: the plane for which the patches
each pixel captures is ideally tiled, with no overlaps or gaps
between the regions. Scenes captured by the system will be
blurred if in the far-field, as indicated by the blue shaded
regions in Fig. 4, but the captured images will be aliased if
the scene is near the lens and the apertures of the individual
lenses are not equal to the width of the individual lenses.
This is indicated by the red shaded regions in the same fig-
ure. If the aperture is equal to the individual lens width,
then captured images will not have aliasing artifacts in the
near-field but instead have blurring in the near field.
For simplicity, this version of Stretchcam’s design has
the focal length of the individual lenses in the array will
equaling or exceeding the thickness of the lens array. This
assumption is not burdensome. The lens array can be de-
signed to be in focus at the desired standoff distance in the
undeformed case such that the focal length of the individual
lenses is greater than the lens array thickness. If the lens
array is designed this way, the assumption is true through-
out the stretch. With this set of assumptions, region of the
scene the individual lenses in the array capture at arbitrary
distance between the scene and the camera, d, is
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Figure 4. Ideal Tiling. For an ideal lens overlaps in the captured patches - which cause blurring - occur in the near and far field. For
Stretchcam, gaps - which cause aliasing - occur in the near-field as indicated by the red transparent regions and blurring occurs in the
far-field as indicated by the blue transparent regions. There is a standoff distance for which the system is in focus. This is when the patches
each pixel captures are ideally tilted.
aw =
(Pw|df |+ ρ+∆ρN (T0 + ∆T ))d
2(T0 + ∆T )|df | (6)
where Pw is the pixel width. With this it is possible to de-
termine if the imaged patches do not abut by finding the
sign of aw(∆ρ, d) − s(∆ρ, d)/N . If this value is positive,
there is aliasing due to gaps between the imaged regions; if
this value is negative, there is blurring due to overlap in the
patches; and if the value is zero, then the system is in focus.
While both aw and s increase as functions of standoff dis-
tance d, aw increases much faster than s. This means that
the ideal tiling standoff distance will increase.
4.2. Maximizing Spatial Resolution
4.2.1 Mechanical Limits on Resolution
The architecture of Stretchcam imposes several limits on
resolution. One source of these limits is the ideal tiling con-
dition. To achieve a clear image of the scene, the patches
that the individual pixels of Stretchcam capture must abut.
Thus, there is a limit to the number of captured patches that
can fit within the camera’s field of view. To fit more cap-
tured regions within the camera’s field of view, the patches
must be made smaller. To make these patches smaller, the
initial lens array thickness, T0, must increase or the pixel
width, Pw, must decrease according to the pinhole model.
The size of an ideally tiled patch is SN−1 where S is
the width of the scene captured by the lens array at de-
sired standoff distance D. There is a limit to the number
of patches that can fit on a scene, NC1, that is defined by
NC1 ≤ S ∗ T0
Pw ∗D + 1 (7)
where D is the distance to the scene. To maximize this
criterion, the pixel size and standoff distance must be as
small as possible. The field of view and the initial lens array
thickness must be as large as possible. This is a problem as,
recalling Eq. (5), the change in the field of view for the
same amount of strength is greatest in the thinnest possible
lens. Thus, the resolution may need to be sacrificed to gain
greater change in resolution.
This is not the only limit on the resolution of the lens
array. If the difference between the pixel array’s pitch and
the elastic lens array’s pitch is too large, some pixels may
be positioned under an adjacent lens resulting in crosstalk.
Crosstalk will happen even in this case if the lens array is
idealized as having thin baffles between each lens. This ad-
ditional limit, NC2, is defined as
NC2 ≤ ρ ∗ (D − T0)
T0 ∗ (S − ρ) . (8)
Making the lens thinner increases the Stretchcam’s reso-
lution that meets this criterion. However, the first resolution
constraint, Eq. (7), is increased by making the lens thicker.
There exists a thickness that will give the highest resolution
that is valid for both NC1 and NC2. Further, NC2 is the
5
highest resolution in the undeformed case that still avoids
crosstalk. The resolution of Stretchcam must be lower than
this number if the user is to stretch the system without caus-
ing crosstalk. We can calculate the approximate resolution
criteria in the stretched case by assuming that that thickness
changes a small amount.
Take, for instance, a version of Stretchcam that is 80.475
mm wide. The lens array is 2 mm thick and each pixel is
0.001 mm wide. The width of the scene in the stretched case
is 149 mm wide. The thickness of the lens does not change
a large amount during the expected 0.555 mm stretch, so
we can assume that T0 ≈ T0 + ∆T . In this case, NC1 =
1288 and NC2 = 145. Thus, the maximum resolution that
Stretchcam can achieve in this configuration is 145 by 145
pixels.
4.2.2 Diffraction Blur Limits on Resolution
Because each lens in Stretchcam has an aperture whose
size is less than or equal to the width of the individual lenses
in the array, increasing the resolution increases the diffrac-
tion blur because the apertures must get smaller. There
comes a point where attempting to make the lenses in the ar-
ray smaller to increase the resolution would fail to improve
image quality, assuming that the width of the lens array is
constrained. This balancing point comes when the field of
view of an individual lens in the undeformed case is equal
to the angular separation needed to see two distinct object
points due to diffraction or
S
ND
≥ 1.22λN
ρ
(9)
where λ is the wavelength of light captured by the system.
This resolution limit, NC3, can be defined as
NC3 ≤
√
S ∗ ρ
1.22 ∗ λ ∗D. (10)
Take, for instance, light at a wavelength of 600 nm illu-
minating a scene imaged by the previously mention version
of the Stretchcam. For this system, the maximum resolution
that still meets this constraint is 186 by 186 pixels. While
this constraint is still above the NC2 constraint that is limit-
ing the example system, this constraint must be considered.
Simply moving the desired focal plane to 500 mm drops
NC3 to 131 pixels. Whereas NC1 becomes 322 pixels at
one meter and NC2 becomes 498 pixels at one meter.
4.3. Effect of Lens Array Thickness on Change in
Field of View
Instead of optimizing the resolution, some designers
may wish to maximize the change in the field of view pro-
duced by stretching the lens. This can be done by either
decreasing the thickness or increasing the width of the indi-
vidual lenses. Decreasing the thickness makes it so stretch-
ing the lenses causes a larger change in the field of view.
Increasing the width of the individual lenses allows the lens
array to be stretched more before cross talk occurs. If the
lens array’s width is constrained, increasing the width of
the individual lenses will reduce the resolution. Thus opti-
mizing for the change in the field of view is best done by
reducing the thickness of the lens array.
However, adjusting the thickness alone would cause the
rays leaving the lens, which were previously parallel to the
optical axis, to diverge. In order to correct this, a lens with a
shorter focal length is used. An aperture is added in order to
reduce spherical aberrations. This has the effect of adding
aliasing in the near-field.
4.4. Nyquist Frequency of Elastic Lens Arrays
In addition to the imaged regions of the scene not
abutting, the Nyquist frequency of Stretchcam is a factor
that will impact the quality of captured images. The qual-
ity of captured images will decrease as the lens is stretched.
This is due to the increasing period between each sample on
the scene as the lens is stretched. The Nyquist frequency of
the Stretchcam as a function of ∆ρ is
1
2
N ∗ T (∆ρ)
∆ρ ∗D + (ρ+ ∆ρ) ∗ T (∆ρ) . (11)
Consider the example system discussed in Section 4.2.1
when ∆ρ equals 0, 0.2775 and 0.555. At a standoff distance
of 250 mm the corresponding Nyquist frequencies are 0.9
lp/mm (Line Pairs per mm), 0.627 lp/mm and 0.481 lp/mm.
As expected, the Nyquist frequency decreases as the lens is
stretched. Thus, there will be a corresponding decrease in
image quality. The Nyquist frequency remains 0.9 lp/mm
when the standoff distance is 500 mm and the system is
unstretched since every individual lens’ primary ray is par-
allel with each other. However, when ∆ρ equals 0.2775 and
0.555 the Nyquist frequency is only 0.482 lp/mm and 0.328
lp/mm, respectively. This trend continues, resulting in in-
creasingly worse Nyquist frequencies in the stretched cases
as the standoff distance increases.
4.5. Impact of Free Variables
We consider a version of Stretchcam that is focused on
a scene that is 250 mm away. The lens array is approxi-
mately 80.5 mm by 80.5 mm and the desired demagnifica-
tion amount is 1.85 times. It is desirable to increase the res-
olution of the system and reduce the amount the lens array
needs to be stretched in order to change the magnification.
Consider Table 1, for a Stretchcam of any design, reducing
the pixel width and making the lens array thinner will im-
prove both the optimal resolution and the max value of ∆ρ
needed to change the amount of magnification. This shows
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Figure 5. Abaqus Simulation. This is a Abaqus simulation of a
7 by 7 lens array with 7 mm by 7 mm wide lenses stretched by
1 lens length. While there is unevenness in the stress distribution
at the edge of the array, the 3 center columns and 5 center rows
all respond the same. This small scale test confirms that we can
assume the deformation of the individual lenses is universe away
from the boundaries.
a key benefit of the design of stretchcam, making the cam-
era thinner improves the performance of the camera.
5. Simulated Performance
Using the model of our Stretchcam, we conduct sev-
eral simulations to evaluate its optical and mechanical prop-
erties further.
We first conduct a simulation using the finite element
analysis package Abaqus [8] to determine if the lens array
will stretch evenly. In this simulation, we model a 7 by 7
lens array that is 49 mm on either side and 23 mm thick.
Each lens has a radius of 7.5 mm. We simulate stretching
the lens array in one dimension by 7 mm in a way that em-
ulates gluing the two edges of the lens array to a vice-like
mechanism, then spreading the jaws. We used C3D10 el-
ements in the simulation and used the Neo Hooke model.
We assumed the bulk modulus of our material to be 1.804
and the shear modulus to be 0.034. The horizontal bound-
aries are unconstrained, causing those boundaries to bow
inwards.
Fig. 5 shows the results of these simulations. While there
is unevenness in the stress distribution at the edge of the ar-
ray, the 3 center columns and 5 center rows indicate the
same deformation in response to the stretching. This small
scale simulation confirms the assumption that the deforma-
tion of each lens in the array is the same so long as the indi-
vidual lenses are away from the boundaries. Thus, the equa-
tions governing this system are valid and can be extended
to lens arrays that have an arbitrary number of lenses due
to Saint-Venant’s principle. Saint-Venant’s principle states
that the effects of the boundary decay rapidly as the distance
to the boundary increases so long as there are no sudden dis-
continuities in the material and the deformation is small.
Sudden discontinuities cause an increased amount of
stress in between each lens. However, the stress concen-
trations are only at an extreme near the discontinuities that
caused them. The impact of these discontinuities dissipates
rapidly towards the center of the lens and repeats in a reg-
ular pattern. Thus, this analysis will apply to lens arrays
of arbitrary resolution. Further, the boundary between each
lens could be designed such that there is a smooth transition
between each spherical lens portion instead of a knife edge
like transition.
In order to examine the optical properties of our design,
we conducted a simulation of a deformable lens array view-
ing a tiled USAF-1951 target. We simulate a 2 mm thick
lens array with 0.555 mm wide lenses. The lens array is
145 by 145 lenses and is focused at 250 mm. The target is
approximately 68 mm on each side. Nine copies of the tar-
get are placed in a three by three configuration. These nine
copies are then placed at the lens array’s focal plane, 250
mm away from the front of the lens. We first capture the
scene in the unstretched case, then we stretch the lens array
by 0.2775 mm two times. This is done by finding where the
primary ray for each individual lens in the array intersects
with the scene. We then take the average RGB value within
a region that is the size of the imaged patch as given by Eq.
(6). The average value in this region is then taken as the
value captured by that lens’ corresponding pixel. We use
the same simulation to find the MTF (Modulation Transfer
Function) of Stretchcam for the unstretched case, the case
where the elastic lens array is stretched by 0.2775 mm and
the case where the elastic lens array is stretched by 0.555
mm.
Fig. 6 shows the results of these simulations. Notice
dark blue line indicating the MTF plot for the unstretched
case. While there is a drop in the contrast when the width of
a line pair is equal to the width of four lenses, the Stretch-
cam is able to capture frequencies at 20% contrast or greater
between 0.00 lp/mm (line pairs per mm) and 0.75 lp/mm .
However, as the lens array is stretched, the ability of the
Stretchcam to capture higher frequencies is reduced. This
is an expected behavior since, as the lens array is stretched,
the shifting of the primary rays of the lenses in the array
decreases the Nyquist frequency in accordance to Eq. (11).
Stretchcam also uses the same number of pixels to image
larger and larger portions of the scene as the lens array is
stretched, which contributes to this reduction in image qual-
ity. This reduction in the maximum frequency resolved is
observed in the MTF plots for ∆ρ = 0.278mm (indicated
with an orange line) and ∆ρ = 0.555mm (indicated with
an green line) in Fig. 6.
In order to study the depth of field, we conduct the
same simulation for various standoff distances and plot
the response for a particular frequency, in this case 0.354
lp/mm. The results of these simulations are shown in Fig.
7. Stretchcam’s response is shown as solid lines for the
unstretched (Dark Blue Line), partially stretched (Orange
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Pixel Width, Lens Array Thickness, Optimal Resolution, ∆ required to zoom 1.85 times
0.001 mm 1 mm 596 292 255 255 0.316 mm
0.1 mm 1 mm 6 292 255 6 13.413 mm
0.001 mm 2 mm 1192 145 255 145 0.555 mm
0.1 mm 2 mm 12 145 255 12 6.706 mm
0.001 mm 10 mm 5960 28 255 28 2.874 mm
0.1 mm 10 mm 60 28 255 28 2.874 mm
Table 1. Impact of Free Variables. This table shows the three resolution criteria, the optimal resolution and max ∆ρ for various values of
lens array thickness, T0, and pixel width, PW . Making the lens array thinner and the pixel width smaller increases the optimal resolution
and decreases the amount the lens array needs to be stretched in order to zoom.
0
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∆ = 0.000 mm ∆ = 0.278 mm ∆ = 0.555 mm
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Figure 6. This figure. shows the frequency response of the lens array at the designed focal plane, 250 mm. Notice how some line
pairs remain distinguishable at all stages of the lens array’s deformation while others are blurred. This is due to the decreasing Nyquist
frequency of the system as the lens is stretched. USAF-1951 targets are provided that give a visual representation of the same data. Despite
some frequencies falling under the contrast threshold, there is a set of frequencies common to all deformation cases that is captured with
acceptable contrast. This version of Stretchcam is able to achieve a two times zoom with only a 0.555 mm stretch and is able to capture
0.354 lp/mm throughout the stretch.
Line) and fully stretched (Green Line) cases. The contrast
improves as the standoff distance decreases due to the re-
duced impact of diffraction blur and the increased Nyquist
frequency for closer standoff distances in the stretched
cases. Stretchcam has a depth of field starting at the lens
surface and ending at the contrast cutoff for the desired fre-
quency in the fully stretched case should there be no aper-
ture. For this particular design, the depth of field ranges
from 0 mm to 400 mm.
We compare the depth of field of our design to a conven-
tional lens (dashed line) and a single pinhole (dashed/dotted
line) in order to determine the usefulness of Stretchcam as
a zoom lens. Stretchcam has a larger depth of field than a
normal lens, a depth of field similar to a pinhole camera.
The conventional lens and the single pinhole both have sen-
sors arrays of 145 by 145 pixels with each pixel 1 micron
by 1 micron. The sensor is placed behind the lens in such
a way that the conventional lens and the pinhole will have
the same field of view as the lens array. The conventional
lens has its focal length set such that the lens will be in fo-
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Figure 7. This Fig. shows the response to 0.354 lp/mm for an ideal lens, a pinhole and Stretchcam at various stand-off distances. The
simulated optical systems are designed such that they capture the same field of view as Stretchcam and are all focused at 250 mm.
Stretchcam behaves the same as a pin hole camera, both the pin hole camera and Stretchcam have deep near field fields of view.
cus at a standoff distance of 250 mm given the previously
mentioned distance between the lens and the sensor. The
aperture diameter of the conventional lens is then set such
that the lens array and the conventional lens have the same
f-number. The diameter of the pinhole is such that the scene
will be in best focus at 250 mm. As shown in Fig. 7, the
Stretchcam has the benefits of a single pinhole camera and
a much larger depth of field than a conventional lens as well
as the ability to change its field of view.
6. Experimental Results
We built a prototype to test the imaging performance
of Stretchcam experimentally. Using the fabrication proce-
dures outlined in Sims et al. [27], we made a 33 by 33 lens
array out of Momentive Silopren 7005, a type of extremely
soft liquid silicone rubber suited to deformable optics. In or-
der to emulate the final camera, we placed the silicone lens
on a 2mm thick aluminum sheet with a rectangular grid of
apertures with diameters of 1 mm. The pitch of the grid is 7
mm to match the pitch of the lens array in the undeformed
case. An OptigrafixTM DFMM diffusing sheet is attached
to the bottom of the aperture sheet in order to capture the 33
by 33 images created by the lens array. An LCD monitor is
placed above the prototype Stretchcam at the designed focal
plane, 300 mm, in order control the scene displayed to the
prototype Stretchcam.
Fig. 8 shows the prototype Stretchcam used to conduct
our experiments. Two metal bars provide rails on which a
spreader mechanism is placed. Attached to either end of the
slider mechanism there is a clamp that is used to secure one
end of the elastic lens array. Hand cranks are included to
control the amount the spreaders are displaced.
We use a Point Grey Grasshopper 3 to capture images of
the diffuser. The prototype Stretchcam only captures 33 by
33 bright spots when a white image is shown on the monitor.
We save the location of these spots in the image for when
various other scenes are shown to the prototype. We stretch
the lens array by rotating each hand crank half a turn after
which we capture more images of the diffuser. We repeat
this process until the center of either row of lens furthest
from the center of the lens array is aligned with the edges of
the aperture plate, indicating that distance between the two
extreme optical axes had increased by 7 mm.
Fig. 9(a) depicts the scenes shown to the prototype
Stretchcam and Fig. 9(b) shows the image sequences we
captured with the experimental apparatus. The lens array is
deformed in such that ∆ρ = 7mm. The 33 by 33 resolu-
tion source images captured by Stretchcam are interpolated
to 300 by 300 pixels. The images are then resampled to a
new aspect ratio using the known field of view of the lens ar-
ray. The prototype Stretchcam is able to capture a frequency
of 0.0148 lp/mm with a contrast of 32% in the unstretched
case and 26% in the stretched case. The system is able to
achieve 1.5 times zoom with only a 3% change of the lens
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Figure 8. Experimental apparatus. The stretching of the lens array
is controlled using a spreader-like mechanism with two clamps
on either side of the lens array. Images formed on the diffuser
attached to the bottom of the sheet camera are captured using a
digital camera and processed to produce images of scenes shown
on the display. The prototype camera has a resolution of 33 by 33.
array’s original length. The zoom value for the prototype
system could be larger if designed for a scene that was fur-
ther away. However, space restrictions in our lab limited the
standoff distance for this test to 300 mm.
7. Discussion
We have presented the design of an elastic lens array
that can zoom large amounts with a small deformation. Not
only can Stretchcam zoom, but it preserves the desirable
depth of field aspects of a lens array. We have explored the
frequency response of the system via simulation and shown
there is a set of frequencies that is captured for all defor-
mations. We have demonstrated that the depth of field of
our system is not only similar to a pinhole camera but has
a set of common depth of fields for all deformations that
allows for a scene to remain in focus throughout the defor-
mation. We then verified our design with an experiment and
not only found that we could capture a scene without alias-
ing artifacts or blurring, but that we could achieve 1.5 times
zoom by stretching the lens array 7 mm, which is an approx-
imately 3% elongation in length of the lens array. Friction
did not hinder to stretching of the lens array.
The main drawback of our design is the limited resolu-
tion and zoom capability. Lu et al. [20] can achieve two
times zoom with a 5.04-megapixel sensor while our sys-
tem only achieves 1.5 times zoom and can capture a 0.2
Megapixel image. However, our system’s ability to resolve
objects is well above the threshold for identification as de-
scribed by Johnson’s Law[9]. This makes Stretchcam suit-
able to low power, low-cost surveillance systems. Further,
the deformable mirrors in Lu et al.’s work require power
to remain actuated whereas our system could take advan-
tage of a non-back-drivable mechanism to zoom then stay
in place without power. Our system is also extremely cheap,
with some silicone rubbers costing only $250 per liter. This
is compared to the cost of deformable MEMS mirrors which
can run in the thousands. Light [17] can cost up to $1,699.
While it is thin, its price makes it not suited to the task of a
disposable and ubiquitous surveillance system.
In our experiments, we assumed that the stretching was
even throughout the lens. However, one could design a sys-
tem where different sections of the lens array were stretched
different amounts. A user of such a device could pinch a re-
gion on their screen to cause a corresponding actuation in
the elastic lens array and thus zoom in on a region of inter-
est while retaining a wide field of view. In such a design,
stress sensors will be needed in order to compute the geom-
etry of the sheet. One could the same apply techniques that
integral imagers use to enhance their viewing angle, such as
elemental lens switching [14], to overcome NC1, the reso-
lution limit due to crosstalk. In such a case, adjacent lens
could be blocked such that the lens could be stretched more.
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